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One fundamental question about pulsars concerns the mechanism of their pulsed 
electromagnetic emission. Measuring the high-end region of a pulsar’s spectrum 
would shed light on this question. By developing a new electronic trigger, we 
lowered the threshold of the Major Atmospheric gamma-ray Imaging 
Cherenkov (MAGIC) telescope to 25 GeV. In this configuration, we detected 
pulsed gamma-rays from the Crab pulsar that were greater than 25 GeV, 
revealing a relatively high cutoff energy in the phase-averaged spectrum. This 
indicates that the emission occurs far out in the magnetosphere, hence excluding 
the polar-cap scenario as a possible explanation of our measurement. The high 
cutoff energy also challenges the slot-gap scenario.  
 
It is generally accepted that the primary radiation mechanism in pulsar 
magnetospheres is synchrotron-curvature radiation. This occurs when relativistic 
electrons are trapped along the magnetic field lines in the extremely strong field of the 
pulsar. Secondary mechanisms include ordinary synchrotron and inverse Compton 
scattering. It is not known whether the emission of electromagnetic radiation takes 
place closer to the neutron star (NS) [the polar-cap scenario (1–3)] or farther out in 
the magnetosphere [the slot-gap (4–6) or outer-gap (7–9) scenario (Fig. 1)]. The high 
end of the gamma-ray spectrum differs substantially between the near and the far 
case. Moreover, current models of the slot gap (6) and the outer gap (8, 9) differ in 
their predicted gamma-ray spectra, even though both gaps extend over similar regions 
in the magnetosphere. Therefore, detection of gamma-rays above 10 GeV would 
allow one to discriminate between different pulsar emission models.  
 
 At gamma-ray energies (E) of ~1 GeV, some pulsars such as the Crab 
(PSR B0531+21) are among the brightest gamma-ray sources in the sky. The 
Energetic Gamma-ray Experiment Telescope (EGRET) detector, aboard the Compton 
gamma-ray Observatory (CGRO), measured the gamma-ray spectra of different 
pulsars only up to E ≈ 5 GeV because of its small detector area (~0.1 m2) and the 
steeply falling gamma-ray fluxes at higher energies. At E > 60 GeV, Cherenkov 
telescopes (10) are the most sensitive instruments because of their large detection 
areas of ≥104 m2. But, in spite of several attempts, no pulsar has yet been detected 
(11–16). This suggests a spectral cutoff; that is, that the pulsar’s emission drops off 
sharply, between a few giga– electron volts and a few tens of GeV.  
 
 The Crab pulsar is one of the best candidates for studying such a cutoff. Its 
spectrum has been measured by EGRET (17) up to E ≈ 5 GeV without a cutoff being 
seen. Earlier observations with the 17 m-diameter Major Atmospheric Gamma-ray 
Imaging Cherenkov (MAGIC) (18) telescope (Canary Island of La Palma, 2200 m 
above sea level) revealed a hint of pulsed emission at the 2.9 standard deviation (σ) 
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level above 60 GeV (19, 20). To verify this result, we developed and installed a new 
trigger system that lowered the threshold of MAGIC from ~50 GeV to 25 GeV 
[supporting online material (SOM) text] (21).  
 
 We observed the Crab pulsar between October 2007 and February 2008, 
obtained 22.3 hours of good-quality data, and detected pulsed emission above 25 
GeV. The pulsed signal (Fig. 2) has an overall significance of 6.4 σ with 8500±1330 
signal events. Phase zero (φ= 0) is defined as the position of the main radio pulse (22). 
Our E > 25 GeV data show pronounced pulses at φ = 0 (main pulse, P1) and at φ = 0.3 
to 0.4 (interpulse, P2). These pulses are coincident in phase with those measured by 
EGRET at E > 100 MeV and those coming from our own optical measurement. P1 
and P2 have similar amplitudes at E = 25 GeV, in contrast to measurements at lower 
energies of E > 100 MeV, at which P1 is dominant. The present data show a small 
excess (3.4 σ) above 60 GeV for P2, which is consistent with our previous Crab 
observation (19, 20).  
 
 For the Crab pulsar, EGRET measured a power-law spectrum [F(E)∝E-α  with 
α = 2.022±0.014; F is the flux] in the energy range from E = 0.1 GeV to 5 GeV (17). 
At E = 25 GeV we measured a flux that was several times lower than a 
straightforward extrapolation of the EGRET spectrum, which would require a spectral 
cutoff somewhere between 5 and 25 GeV. Pulsar emission scenarios predict a 
generalized exponential shape for the cutoff that may be described as       
F(E) = A E-α exp(-(E/E0)β), where A is a normalized constant, E0 is the cutoff energy, 
and β measures the steepness of the cutoff. To determine the relevant parameters, we 
performed a joint fit to the Imaging Compton Telescope (COMPTEL) (≈1 to 30 
MeV), EGRET (≈30 MeV to 10 GeV), and MAGIC (>25 GeV) data. For the 
conventional cases of β = 1 (exponential) and β = 2 (superexponential), we found 
E0=17.7±2.8stat±5.0syst GeV (stat, statistical error; syst, systematic error) and 
E0=23.2±2.9stat±6.6syst GeV, respectively. For β left a free parameter, the best fit yields 
E0=20.4±3.9stat±7.4syst GeV and β=1.2. The systematic error is dominated by a 
possible mismatch between the energy calibrations of EGRET and MAGIC (SOM 
text). 
 
 From a theoretical point of view, the spectral cutoff is explained as a 
combination of the maximum energies that electrons (e) can reach (because of the 
balance between acceleration and radiation losses) and the absorption of the emitted 
gamma-rays in the magnetosphere. Absorption is controlled by two mechanisms: (i) 
magnetic e+-e− pair production in the extremely strong field close to the pulsar 
surface and (ii) photon-photon e+-e− pair production in dense photon fields. If, for a 
young pulsar like the Crab with a magnetic field B ~ 1012 to 1013 G, emission occurs 
close to the NS surface [as in classical polar-cap models (1–3)], then magnetic pair- 
production attenuation provides a characteristic super-exponential cutoff at relatively 
low energies; that is, a few GeV at most (3). If, on the other hand, emission occurs 
farther out in the magnetosphere, at several stellar radii or close to the light cylinder 
[as in slot-gap (4–6) and outer-gap (7–9, 23) models], then absorption mainly arising 
from photon-photon collisions sets in at higher energies and produces a shallower 
cutoff (roughly exponential in shape). In either case, however, the measured E0 could 
be intrinsic to the emitted spectrum and hence would only provide an upper limit to 
the absorption strength.  
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 Equation 1 of (3) (a largely model-independent relation derived from 
simulations of gamma-ray absorption by magnetic-pair production in rotating 
magnetic dipoles) relates the pair-creation cutoff energy, Emax, with the location of 
the emission region r/R0 (R0 is the NS radius; r is the distance of the emission region 
from the center of the NS) for a NS with surface magnetic field B0 and period P:  
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 The appropriate values for the Crab pulsar are B0 = 8 × 1012 G (8), natural 
constant Bcrit = 4.4 × 1013 G (3), and P = 0.033 s (Bcrit is the critical field that marks 
the onset of quantum effects in a magnetized plasma). Using for Emax the 
superexponential cutoff energy E0=23.2±2.9stat±6.6syst GeV, derived above for β=2 as 
appropriate for the polar cap scenario, one obtains r/R0  > 6.2 ± 0.2stat ±0.4syst: i.e., the 
emitting region is located well above the NS surface. This result, however, contradicts 
the basic tenet of the polar-cap scenario (1–3) that particle acceleration and radiation 
emission do occur very close to the pulsar surface. This inconsistency rules out the 
polar-cap scenario for the Crab pulsar.  
 
 Our results therefore favor an outer-gap or maybe also slot-gap scenario for 
the Crab pulsar. For example, using in Eq. 1 the value of E0 that corresponds to β = 1 
(approximately consistent with the outer-gap picture), a high-altitude emitting region 
is inferred, which is fully consistent with the assumed scenario. Specific recent outer-
gap (8, 9) and slot-gap (6) predictions are compared with our data in Fig. 4. Although 
the former can provide emission of photons of energies as high as 25 GeV and hence 
explain our gamma-ray data, recent predictions of the slot-gap model cannot. Thus, 
current outer-gap models seem preferred in explaining our measurement.  
 
 Lastly, our present measurements reveal a trend of P2/P1 increasing with 
energy: It is <0.5 at 100 MeV, ≈1 at 25 GeV, and >1 at 60 GeV (Fig. 2). This trend 
provides valuable information for theoretical studies that will further constrain the 
location of the emission region in the Crab pulsar’s magnetosphere [for example, (9)].  
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Fig. 1: A sketch of the Crab pulsar’s magnetosphere: Electrons are trapped and accelerated along 
the magnetic field lines of the pulsar and emit electromagnetic radiation via the synchrotron-curvature 
mechanism. Vacuum gaps or vacuum regions occur at the polar cap (1-3), very close to the neutron star 
surface, in a thin layer extending for several stellar radii along the boundary of the closed 
magnetosphere, the so-called slot gap (4-6), and in the outer region (7-9) close to the light cylinder 
(outer gap). Vacuum gaps are filled with plasma, but its density is lower than the critical Goldreich-
Julian density (24), where the magnetically induced electric field is saturated, and therefore electrons 
can be accelerated to very high energies. Absorption of high-energy γ-rays occurs by interaction with 
the magnetic field (magnetic pair production) as well as with the photon field (photon-photon pair 
production). The former dominates close to the surface of the neutron star where the magnetic field is 
strongest: it leads to a super-exponential cutoff at relatively low energies (few GeV). Photon-photon 
collisions prevail farther out in the magnetosphere close to light cylinder, where the magnetic field is 
lower, and lead to a roughly exponential cutoff at higher (>10 GeV) energies. 
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Fig. 2: Pulsed emission in different energy bands. The shaded areas show the signal regions for the 
main pulse (P1) and the inter pulse (P2). From top to bottom: (a) Evidence of an emission (3.4 σ) 
above 60 GeV for P2 measured by MAGIC; (b): Emission ≥ 25 GeV measured by MAGIC; (c) 
Emission ≥ 1 GeV measured by EGRET (17); (d) Emission ≥ 100 MeV measured by EGRET ( 25); (e) 
Optical emission measured by MAGIC with the central pixel (26) of the camera. The optical signal has 
been recorded simultaneously with the γ−rays. P1 and P2 are in phase for all shown energies. The 
figure illustrates how the ratio of P2/P1 increases with energy in the panels (b)-(d). In search for pulsed 
emission, the arrival time of each event, after correcting for the solar system barycenter, was 
transformed into the phase of the rotational period of the neutron star. The significance of the γ-ray 
pulsation above 25 GeV was evaluated by a single-hypothesis test (described in the supporting 
material), where the γ-ray emission was assumed coming from the two fixed phase intervals (shaded 
regions): P1 (phase 0.94 to 0.04) and P2 (phase 0.32 to 0.43), as defined in (19,20). The signal results 
in 8500±1330 signal events (6.4σ).
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Fig. 3. Model fits to the signal-event distribution. Shown is the measured distribution of excess 
events in bins of SIZE integrated over P1 and P2. SIZE is a main image parameter that measures the 
total intensity of the Cherenkov flash in the camera in units of photoelectrons (phe). In this analysis, it 
was used as a rough estimate of the gamma-ray energy. To determine the cutoff energy, we folded the 
power law function with the generalized exponential shape function F(E) = A E-α exp(-(E/E0)β) with the 
MAGIC telescopeʼs effective area to calculate the expected signal in each SIZE bin (forward 
unfolding). The expected signal was compared with the measured excess events by calculating a χ2 
test. We obtained the best fit by minimizing the joint c2 between real data (from COMPTEL, EGRET, 
and MAGIC) and the generalized function. For the conventional cases of b = 1 (exponential) and b = 2 
(superexponential), we found E0=17.7±2.8stat±5.0syst GeV and E0=23.2±2.9stat±6.6syst GeV, respectively. 
If instead we leave β as a free parameter, the best fit yields E0=20.4±3.9stat±7.4syst GeV and β=1.2. 
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 Fig. 4: Crab pulsar spectral cutoff. The black points and triangles on the left represent flux 
measurements from EGRET and COMPTEL (17). The arrows on the right denote upper limits from 
various previous experiments. We performed a joint fit of a function [F(E) = A E-α exp(-(E/E0)β)] to the 
MAGIC, EGRET and COMPTEL data. The figure shows all three fitted functions for β=1 (red line) 
and β=2 (blue line) and the best fit β=1.2 (green line). The black line indicates the energy range, the 
flux and the statistical error of our measurement. The yellow band illustrates the joint systematic error 
of all three solutions. The measurement is compared with three current pulsar models, a polar cap 
model, a slot-gap model and an outer gap model. The sharp cut-off of the polar cap (27) model is due 
to magnetic pair production close to the surface of the neutron star. The slot gap model (6) does not 
reach the observed cut-off energy, while the outer gap (8) model can explain the high energy cut-off. 
The numbers in the parentheses refer to the list of references. 
 
